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Description
Field of Technology

[0001] The present invention relates to the fabrication
of free-form solid objects by Microstereolithography, the
photocurable materials used therein, and the technology
to render materials cytocompatible. The present inven-
tion in particular relates to objects that are nontoxic, in
terms of cytocompatibility, while remaining in contact with
isolated cells for long periods.

Background Technology

[0002] Microstereolithography is a precision machin-
ing technology to fabricate structures of an arbitrary
shape by exposing photocurable resins to laser light. In
1992, Ikuta et al., the inventors of the present invention,
achieved the world’s first 5 wm three-dimensional reso-
lutions (Non-patent Literature 1). Many research studies
followed and papers were published after the announce-
ment (Non-patent Literature 2). Nano-stereolithography
at sub-micro resolutions has also been developed. Re-
cently, microstereolithography is being applied to n-TAS
for studying and analyzing chemical reactions occurring
in microchannels, and to the development of MEMS de-
vices (Non-patentLiterature 3 - 5). But commercial photo-
curable resins do not have biocompatibility, so micros-
tereolithography has not been applied to devices that
need to be in direct contact with cells or living organisms
(Non-patent Literature 6 - 8).

[0003] To solve this problem, the inventors of the
present invention decided to develop a new post process
to add cytocompatibility to commercial microstereolitho-
graphic epoxy photocurable resins which already have
proven stable photocurable and other characteristics.
They chose this approach as it is more versatile and ap-
plicative than trying to develop new photocurable resins
with the required biocompatibility, curing characteristics
and accuracy.

[0004] So far, the following reports have introduced
the application of microstereolithography to devices that
are in direct contact with living cells or organs:

Firstly, photo initiators, which are highly cytotoxic
materials, are avoided and biodegradable polymers,
for example caprolactone or poly(propylene fuma-
rate), are adopted to synthesize new photocurable
resins for microstereolithography (Non-patent liter-
ature 8 - 11). This approach necessitates a resin
synthesis and blending process. Furthermore, the
approach is designed to fabricate biodegradable
scaffolds for cells in tissue engineering. As such, this
approach cannot be used to fabricate non-degrada-
ble devices to be used in the present invention.

Secondly, hydrogels such as polyethylene glycol are
used in microstereolithography to fabricate scaffolds
for cells (Non-patent Literature 7 and 13). It is pos-
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sible to culture cells on hydrogel surfaces and inside
hydrogels, but this method is difficult to apply to the
fabrication of devices because of the insufficient
strength of the hydrogels.

[0005] Furthermore, low processing accuracy due to
desiccation shrinkage is a large problem, and this ap-
proach does not meet the objectives of our present re-
search.

[0006] Thirdly, cell culturing on the surfaces of three-
dimensional lattice structures made of commercial
photocurable resins has been reported, however cell cul-
tures on planar structures failed (Non-patent Literature
14).

1) Non-patent Literature: lkuta K, Hirowatari K, Real
three-dimensional microfabrication using stereo li-
thography and metal molding. Proceedings of the
IEEE Workshop on Microelectromechanical Sys-
tems, MEMS’ 93. 1993: 42-47.

2) Non-patent Literature: Bertsch A, Jiguet S, Bern-
hard P, Renaud P, Microstereolithography: a Re-
view. Mat. Res. Soc. Symp. Proc. 2003, O01.1.1-
LL1.1.13

3) Non-patent Literature: Maruo S, lkuta K, Korogi
H. Submicron manipulation tools driven by light in a
liquid. Appl Phys Lett 2003; 82: 133-135

4) Non-patent Literature: Kawata S, Sun HB, Tanaka
T, Takada K. Finer features for functional microde-
vices. Nature 2001; 412: 697-698

5) Non-patent Literature: Maruo S, lkuta K. Submi-
cron stereolithography for the production of freely
movable mechanism by using single-photon polym-
erization. Sensor Actuat A-phys 2002; 100: 70-76
6) Non-patent Literature: Lu, Chen SC. Micro and
nano-fabrication of biodegradable polymers for drug
delivery. Adv Drug Deliv Rev. 2004; 11: 1621-33
7) Non-patent Literature: Tsang VL, Bhatia SN.
Three-dimensional tissue fabrication. Adv Drug De-
liv Rev. 2004; 11: 1635-47

8) Non-patent Literature: Popov VK, Evseev AV,
Ivanov AL, Roginski VV, Volozhin Al, Howdle SM.
Laser stereolithography and supercritical fluid
processing for custom-designed implant fabrication.
J Mater Sci Mater Med. 2004; 2: 123-8

9) Non-patent Literature: Lee JW, Lan PX, Kim B,
Lim G, Cho DW. 3D scaffold fabrication with
PPF/DEF using macro-stereolithography. Microe-
lectron Eng 2007; 84: 1702-1705

10) Non-patent Literature: Matsuda T, Mizutani M.
Liquid acrylate-endcapped biodegradable poly(e-
caprolacton-co-trimethyrene carbonate). Il. Compu-
ter-aided stereolithographic microarchitectual sur-
face photoconstructs. J Biomed Mater Res. 2002; 3:
395-403

11) Non-patent Literature: Lee KW, Wang S, Fox
BC, Ritman EL, Yaszemski MJ, Lu L. Poly(propylene
fumarate) bone tissue engineering scaffold fabrica-
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tion using stereolithography: effects of resin formu-
lations and laser parameters. Biomacromolecules.
2007; 4: 1077-84

12) Non-patent Literature: Cooke MN, Fisher JP,
Dean D, Rimnac C, Mikos AG Use of stereolithog-
raphy to manufacture critical-sized 3D biodegrada-
ble scaffolds for bone ingrowth. J Biomed Mater Res
B Appl Biomater. 2003; 2: 65-9

13) Non-patent Literature: Arcaute K, Mann BK,
Wicker RB. Stereolithography of Three-Dimensional
Bioactive Poly(Ethylene Glycol) Constructs with En-
capsulated Cells. Ann Biomed Eng 2006; 34;
1429-1441

14) Non-patent Literature: Lee SJ, Kang HW, Kang
TY, Kim B, Lim G, Rhie JW, Cho DW, Development
of scaffold fabrication system using an axiomatic ap-
proach. J Micromech Microeng 2007; 17: 147-153
15) Non-patent Literature: Jones CE, Underwood
CK, Coulson EJ, Taylor PJ. Copper induced oxida-
tion of serotonin: analysis of products and toxicity. J
Neurochem 2007; 102: 1035-1043

Disclosure of Invention
Problems to Be Resolved by the Invention

[0007] Three-dimensional structures fabricated by
conventional microstereolithography have been known
to exhibit, as described above, cytotoxicity due to non-
uniform reaction and hardening, and due to the effects
of monomers, oligomers, photo-polymerization initiators,
free radicals, polyol, and stabilizers remaining in the pho-
to curing materials (Patent Literature 1).

[0008] Many biodegradable materials have been pro-
posed as biocompatible materials for applications where
the end product contacts the living body for a long time
(Patent Literature 2 and Non-patent literature 10 and 12).
Conventional technologies have placed emphasis on
manufacturing nontoxic materials rather than detoxifying
existing materials. Research has been conducted to de-
toxify three-dimensional structures fabricated by micro-
stereolithography by adding a post process to the product
(Patent Literature 1). The product has biocompatibility at
least when in contact with the skin and can be used for
a long period of time while in direct contact with the skin.

[Patent Literature 1] Publication of unexamined pat-
ent application No. 10312-2003

[Patent Literature 2] Publication of unexamined pat-
ent application No. 284550-2007

[0009] From above previous reports, the inventors of
the present invention have estimated that uncured mon-
omers and photopolymerization initiators remaining in
the microstereolithographic object are responsible for the
cytotoxicity of the microstereolithographic object. The in-
ventors therefore investigated various post-curing proc-
esses (promoting polymerization and curing of uncured
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monomers after microstereolithography) to promote po-
lymerization of the uncured monomers and suppress the
effect of the photopolymerization initiators eventually to
reduce the cytotoxicity of the microstereolithographic ob-
ject.

[0010] Three-dimensional structures formed by micro-
stereolithography have a limited range of applications
due to their inherent cytotoxicity. When any toxic mate-
rials are to be used in the production of devices that may
be in contact with the human body, a process to detoxify
the materials must be added. The addition of such a proc-
ess, however, is industrially more favorable than newly
developing a nontoxic photocuring material because
conventional materials, even though they may be toxic,
have proven three-dimensional processing accuracy.
[0011] In consideration of the above factors, the ob-
jective of the presentinvention is to detoxify three-dimen-
sional structures fabricated by microstereolithography
and provide cytocompatible three-dimensional struc-
tures. Cytocompatibility is a property of a material which
means that the material is non-toxic to cells and does not
have an adverse effect on the activities of living cells.

Means to Solve the Problems

[0012] With a view to solving these conventional prob-
lems, the present invention has an objective to provide
minute three-dimensional structures fabricated by micro-
stereolithography, wherein said structures are detoxified
and cytocompatible at least to the extent that cells iso-
lated and cultured outside living organisms can be cul-
tured on the surfaces of and in contact with said struc-
tures; and said detoxification is achieved by heating said
structures to at least their glass transition temperature
after UV-curing.

[0013] The structures are mainly formed from photo-
curing materials selected from the group of acrylate,
epoxy, acrylate-epoxy complex, and oxetane.

[0014] Theabove glass transition temperature is about
175 to0 200°C, and the heating time is 6 to 24 hours. One
of the dimensions x, y, and z of at least one portion of
said structures is less than 1 mm, and deformation of a
structure due to its own weight when heated above its
glass transition temperature is reduced due to the size
effect.

Effects of the Invention

[0015] Ithas been confirmed that the three-dimension-
al structure fabricated by microstereolithography accord-
ing to the present invention has the same cytocompati-
bility level as that of commercial cell culture dishes. This
invention makes it possible to use three-dimensional
structures fabricated by microstereolithography in the
production of cytocompatible products.

[0016] This technology can be applied to the design of
tailor-made implant devices using microstereolithogra-
phy which had never been possible previously. It further
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makes it possible for three-dimensionally configured cell
devices and micro-chemical devices, such as chemical
IC chips, to be used as cells. This process would become
a key technology that substantializes a new approach to
biomedical studies.

Brief Description of the Drawings
[0017]

Figure 1 illustrates the fabrication of a three-dimen-
sional structure by microstereolithography.

Figure 2 is a series of phase-contrast micrographs
of cells 48 hours after seeding. P shows positive con-
trol cells on a commercial cell culture dish. The upper
images show cells post-cured at 150°C for 6 hours
(a-1) and 12 hours (a-2). b-1), 2), and 3) show cells
post-cured at 175°C for 6, 12, and 24 hours. c-1), 2),
and 3) show cells post-cured at 200°C for 3, 6, and
12 hours. The cell proliferation rate of b-3), c-2), and
c-3) are almost same as the positive controls in sta-
tistical data. All bars in the photographs are 50 pm.
Figure 3 shows the cell proliferation rate of cells on
a post-cured cell culture dish fabricated by micros-
tereolithography with 48 hours of cell culture. Aster-
isks (*) mean that there is not significant statistical
difference compared with positive controls cultured
on a commercial cell culture dish (a=0.05).

Figure 4 shows the experimental parameters of the
post-curing process. These post-curing conditions
were used in the Embodiments.

Figure 5 shows the absorbance spectra of water in
which the microstereolithographic objects were im-
mersed for 40 hours. The peaks of the spectra were
found at around 249 nm and 200 nm for water in
which non-post-cured microstereolithographic ob-
jects were immersed. This means that the micros-
tereolithographic objects eluted some substances,
and the absorbance spectra of these substances
were measured. It was confirmed that the post-cured
microstereolithographic objects did not give off sub-
stances having such an absorbance spectrum.
Figure 6 shows phase-contrast micrographs of cells
48 hours after seeding. To evaluate different photo-
curable resins, culture tests were conducted for d)
SCR751, e) SCR701, and f) SCR11120. Suffix
number 1 indicates resins without post-curing and 2
are those with post-cure. It is known from these pho-
tos that post-curing is effective for all resin types. All
bars in the photos are 50 pm.

Explanation of the Symbols
[0018]
1 UV laser

2 Liquid resins
3 Solid polymer
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Best Mode of Implementing the Invention

[0019] Three-dimensional microstereolithographic ob-
jects fabricated by microstereolithography were exposed
to UV light for one hour to accelerate hardening. The
structures were then heated at 175°C or above for at
least 24 hours, or at 200°C or above for 6 hours. The
heating temperature may exceed the glass transition
temperature, which is the index of thermal softening tem-
perature for materials. The present invention relates to
three-dimensional microstructures formed by microster-
eolithography. Deformation due to a structure’s own
weight, which generally poses a problem in heat treat-
ment, is reduced when dealing with microstructures (that
is, for example, when one of the dimensions x, y, and z
of at least one portion of a structure is less than 1 mm)
due to the size effect. As a result, the dimensions of the
three-dimensional structure fabricated by the present in-
vention remained almost unchanged before and after
heat treatment. We performed cytocompatibility tests on
this three-dimensional structure and found that it is cyto-
compatible.

Embodiments
Working Examples

[0020]
cure]

[Experiments of cytocompatibility with post

(Materials and Method)
Microstereolithography

[0021] Figure 1 shows the procedure used to fabricate
three-dimensional structures according to the presentin-
vention.

[0022] The steps of the microstereolithography proce-
dure are described below.

1. Inputting the 3-D shape modelinto 3-D CAD based
on design data.

2. Converting the 3-D shape model to x-y cross-sec-
tional n slice data perpendicular to the z-axis.

3. Hardening of the photocurable resins using a
scanning ultraviolet laser in the x-y plane from the
first layer of the slice data.

4. Forming a thin film of the liquid photocurable resins
after scanning the laser on the first layer and repeat-
ing the process to the nth layer (Figure 1).

[0023] The microstereolithographic objects thus fabri-
cated were washed in glycol ether ester and then in
99.5% ethanol for 3 minutes, respectively, in an ultra-
sound bath. The microstereolithographic objects were
then stored in a desiccator.

[0024] In our microstereolithography system, a He-Cd
laser (325 nm, Kimmon Koha Co., Ltd.) was used as the
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light source.

[0025] The microstereolithography parameters were
laser power, 15 mW; laser scanning speed, 800 mm/sec;
scanning distances, 15 uwm; and layer thickness, 100 pm.
[0026] Cell culture wells were fabricated to evaluate
the cytocompatibility of the photocurable resins. The size
of the wells were outside diameter, 16 mm; inside diam-
eter, 15 mm; bottom thickness, 0.8 mm; and height of
surrounding wall, 2 mm.

Photocurable Resins

[0027] For the microstereolithography, epoxy-type
universal photocurable resins (SCR-751, D-Megc; critical
exposure, 20 mj/cm2; glass transition temperature after
hardening, 108 °C) were adopted.

[0028] For the purpose of studying the characteristics
with various resins, we used two other resins in the cul-
ture tests in addition to the above universal photocurable
resins: epoxy-type universal humidity-resistant photo-
curable resins (SCR-701, D-Mec; critical exposure, 33
mj/cm2; glass transition temperature after hardening, 81
°C) and epoxy-type water-resistant high toughness
photocurable resins (SCR-11120, D-Mec; critical expo-
sure, 12 mj/cm; glass transition temperature, 43 °C).
These three types of resins were hardened by the Xenon
lamp to use in the cell culture test.

[0029] Inaddition tothe above resins, photocuring ma-
terials selected from the group of acrylate, epoxy, acr-
ylate-epoxy complex, and oxetane can also be used as
photocurable resins.

Cell Culture

[0030] Rat adrenal pheochromocytoma cell line
(PC12, RBC0009, Riken Cell Bank, Tsukuba) was used
in the cytocompatibility test because this is the cell line
typically used in neurological toxicity tests 15). The cell
culture medium was DMEM (MED-006, Iwaki) including
10% fetal bovine serum and 10% horse serum. The cell
suspension was adjusted to 5.1 x 102 cells/mm,, and
cultured at 37 °C, in a 5% CO, atmosphere.

[0031] The positive controls were cultured in a com-
mercial 96-well Micro Well Plate (3860-096, Iwaki).

Observation, Counting and Evaluation

[0032] The interiors of the cell culture wells fabricated
by microstereolithography were observed using a phase
contrast microscope. Micrographs were taken at 3 mm,
4 mm, 5 mm, and 6 mm from center of the well using a
CCD camera. Cell morphology was observed and cell
density counted from these micrographs. To reduce the
effects of initial concentration dispersion, the cell prolif-
eration rate was defined to evaluate the correlation be-
tween this rate and the post-curing parameters. The cell
proliferation rate y was calculated as the rate of the den-
sity of the 48 hour cell culture: y to the initial density of a
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1 hour cell culture: x, or y= y/x x 100.
Cytocompatibility

[0033] Cytocompatibility in this report was defined to
be the condition in which cells could proliferate and ad-
here to the bottom of the wells made of photocurable
resins.

Statistics

[0034] The derived cell proliferation rate data were sta-
tistically processed using the student’s t-test. It was as-
sumed that there was a significant difference for o< 0.05
compared with the positive control. The sample size n
was 12.

(Deliberation of Post-curing Processes)

[0035] There are generally two types of post-curing
processes used to finish polymerization in microstereo-
lithography. One is the post-exposure process in which
the microstructures after microstereolithography are ex-
posed in a mercury lamp, etc. The other is the post-bake
process in which the environmental temperature is in-
creased to promote hardening.

[0036] Inthe presentstudy, the cell culture wells, which
were fabricated by microstereolithography, were both
post-exposed and post-baked (hereafter termed "post-
cured"). Specifically, after the structures were exposed
with a xenon lamp (L2423, Hamamatsu Photonics) for 1
hour, they were heated in an oven (DRD360DA, Advan-
tec) at respective temperatures (room temperature, 150
°C, 175 °C, and 200 °C) for respective heating times (0.5,
3,6,9, 12, and 24 hours) (Fig. 4). These wells were then
exposed in UV light for 1 hour to sterilize them before the
cell culture.

[0037] The culture plates, which were hardened under
a xenon lamp, were post-baked at 200 °C for 6 hours.

(Results of Experiments)

[0038] The cell culture wells after the post-exposure
and post-bake began browning. Although the wells were
transparent pale yellow when they were photo-hardened
before the post-bake, the wells became browner and had
lower transmittance with higher temperatures or with
longer heating times.

[0039] The results of the cell culture tests are de-
scribed below.

1) In the cell culture wells without the post-curing
process, almost all of the cells died within 3 hours
after cell seeding.

2) Surviving cells were confirmed in some post-cured
wells depending on the test conditions as shown in
Figure 2. The cells in the positive control condition
were confluent in the 48 hour cell culture. The cells
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in the wells post-cured at 175 °C for 24 hours and
those in the wells post-cured at 200 °C for 6 hours
or longer were confluent in the same manner (b-3,
c-2, and c-3, Figure 2).

3) In Figure 3 (a), there was a significant difference
in the cell proliferation rate between the positive con-
trols and those post-baked at 150 °C.

4) At the 175 °C post-bake temperature, there was
no significant difference between the positive control
and those after 24 hours of post-bake time although
there was significant difference between positive
control and those with 12 hours or less post-bake
time (Figure 3 (b)).

5) In Figure 3 (c), or at the 200 °C post-bake tem-
perature, there was no significant difference in the
cell proliferation rate between the positive control
and those with 6 hours or more of post-bake time.

[0040] The above results show that the optimum post-
bake conditions are 200 °C and 6 hours post-bake time
to attain the same cell proliferation rate as commercial
cell culture dishes with the shortest heating time.

[Verification of Substance Eluted from Photocurable
Resins]

[0041] We held the hypothesis that removing polym-
erization initiators from the photocurable resins would be
the condition for said resins to achieve cytocompatibility.
The above experiments have shown the effectiveness of
post-curing to prove this hypothesis, and the relevant
necessary conditions. The substance eluted from the
photo substances into water is investigated in this chap-
ter to verify the parameters of the post-curing process
more precisely.

(Materials and Methods)

[0042] The cell culture wells which had 496.8 mm?2 sur-
face areas and 135.9 mm3 volumes were fabricated by
microstereolithography. The other parameters remained
the same as those in the preceding paragraph "Micros-
tereolithography" in page 6. These wells were post-cured
at 175 °C or above for at least 24 hours, or at 200 °C or
above for 6 hours, which were determined to be the op-
timum parameters as described in the preceding chapter.
[0043] For comparison purposes, post-cured and non-
post-cured wells were dipped in 5 ml milliQ water for 40
hours under the condition of one (Vol. = 135.9 mm3) and
two (Vol. = 271.8 mm3) wells at a time, respectively. The
absorbance spectra of the milliQ water were measured
using a UV absorption spectrophotometer (BioSpec-
1600, Shimadzu). The spectra were compensated for the
spectrum of the pure water as the base line. The optical
path in the measurement was 1 cm long.
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(Results of Experiments)

[0044] When the hardening of the photocurable resins
was actually accelerated by the post-curing process, the
elution into water of photopolymerization initiators and
uncured monomers, which are assumed to be the cause
of cytotoxicity, should be suppressed. Since the condi-
tions for making photocurable resins cytocompatible are
determined in the above cytocompatibility tests, we stud-
ied the relationship between the post-curing process and
elution of substances from photocurable resins into water
using ultraviolet absorption spectroscopy. It was con-
firmed that substances having absorption spectra at
around 249 nm and around 200 nm had eluted from the
hardened but non-post-baked photocurable resins as
shown in Figure 5. Since the size of the absorbance peak
of the absorption spectrum is correlated with the volume
of the resins in the solvent, it is thought that these sub-
stances eluted from the resins. In contrast, these absorp-
tion spectra were not detected from the post-cured photo-
curable resins.

[0045] The temperature of our post-bake process was
higher than the glass transition temperature of the photo-
curable resins. As such, the structures would be de-
formed due to their own weight if the structures were
heavy, or due to the load applied during the post-bake
process. But the microstructures fabricated using our
microstereolithography method were mostly small in size
ranging from few pm to 1 mm. In this size range, the
volume force is sufficiently small compared with the sur-
face force due to scale effect, and thermal deformation
is small enough to be neglected. Our post-bake process
can therefore be applied to microscale objects without
restrictions on their geometry.

[0046] As discussed above, absorption spectra peak-
ing at around 249 nm and around 200 nm were detected
in the water in which non-post-cured photocurable wells
were immersed. The absorbance increased with the in-
creasing volume of the photocurable resins, or the con-
centration of the eluted substances increased (Figure 5).
[0047] In contrast, these two peaks were not detected
from the waterin which the post-cured photocurable wells
were immersed. These results indicate that the eluted
substances interfered with the cell proliferation on the
photocurable resins and verify our hypothesis and our
suggested solutions to be correct.

[General Versatility of Post-curing Process]

[0048] Whether the post-curing process is effective for
other photocurable resins was verified by experiments.

(Materials and Methods)

[0049] In addition to the above photocurable resins
SCR-751, two types of epoxy microstereolithography
resins that were the general-purpose epoxy humidity-re-
sistant photocurable resins (SCAR-701, D-Mec; critical
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exposure, 33 mj/cm2; glass transition temperature after
hardening, 81 °C) and water-resistant and high-tough-
ness epoxy photocurable resins (SCR-11120, D-Mec; 12
mj/cm2, 43 °C) were hardened using a xenon lamp for
use in the cell culture tests.

[0050] Each of the above three photocurable resins
was set in a silicone gum mold, and the circular plates
of 16 mm in diameter and 0.8 mm in thickness were ex-
posed to a xenon lamp for hardening. The plates were
then post-baked at 200 °C for 6 hours for use in the cell
culture tests (21 - 26, Figure 4). The cell morphology was
observed 48 hours after seeding under a phase contrast
microscope.

(Results of Experiments)

[0051] When post-curing was not performed, all cells
on all plates made of the three photocurable resins did
not adhere to the surface of the plate and were dead
within hours as shown in Figure 6: d-1, e-1, and f-1. In
contrast, all cells cultured on the post-cured plates ad-
hered to the surface and were alive as shown in Figure
6: d-2, e-2, and f-2. The general versatility of the post-
curing process was verified by these results.

[Observations]

[0052] It was discovered that cytocompatibility can be
added to epoxy-type photocurable resins by post-curing
them at 200 °C for 6 hours. This result was the world’s
first report that the same level of cell culture directly ad-
hered to photocurable resins and proliferated to cell num-
bers comparable with commercial polystyrene dishes.
The photocurable resins changed to brown and rejected
observation of the inside of the wells if post-baked at over
200 °C. The shortest post-bake time to add cytocompat-
ibility to the photocurable resins while reducing the color
change was 6 hours at 200 °C. Popov et al have reported
that cytotoxicity was removed by supercritical carbon di-
oxide treatment from hydroxyapatite composites fabri-
cated by stereolithography (Non-patent Literature 8). Ar-
caute et al have reported the relationship between the
concentration of the photo-polymerization initiator and
cytotoxicity (Non-patent Literature 13). Lee et al have
reported that the geometry of scaffolds fabricated by ster-
eolithography changed cell activities (Non-patent Litera-
ture 14). All of these reports, however, do not compare
their results with cell activities observed using ordinary
cell culture methods, and simply propose one condition
to improve the cell culture method. These reports, there-
fore, cannot compare with our result in which the same
level of cytocompatibility as in routinely used cell culture
dishes has been achieved.

[0053] The above post-bake temperature was higher
than the glass transition temperature of the photocurable
resins. As such, the structures would be deformed due
to their own weight if the structures were heavy, or due
to the load applied during the post-bake process, how-
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ever the microstructures fabricated by our microstereo-
lithography were mostly small in size ranging from few
pmto 1 mm.

[0054] In this microsize range, the volume force, such
as gravity, is small compared with the surface force due
to the scale effect, and thermal deformation is greatly
reduced in the post-curing process. Our post-bake proc-
ess can therefore be applied to microscale objects with-
out restrictions on their geometry.

[0055] As shown in Figure 5, the considerable reduc-
tion of substances eluted from the photocurable resins
into water after the post-curing process was verified by
measuring the absorbance spectra. This result meant
that our hypothesis is correct: unhardened monomers,
photo-polymerization initiators and other low molecules
stop eluting from the photocurable resins when they are
post-cured.

[0056] Cytocompatibility was added to all three of the
commercial epoxy-type photocurable resins by means
of the same post-curing parameters. This test has thus
shown that our post-curing process has general versa-
tility and applicability for photocurable resins.

Embodiment 1

[0057] Three-dimensional cell culture wells were fab-
ricated by microstereolithography. Specifically, cell cul-
ture wells measuring 16 mm and 15 mm in outside and
inside diameter, respectively, 2 mm wall height, and 0.8
mm bottom thickness were fabricated. The materials
used were SCR751 (glass transition temperature, 108
°C; D-Mec, Chuo-ku, Tokyo). The wells were exposed to
a mercury xenon lamp (L2423, Hamamatsu Photonics,
Hamamatsu City, Shizuoka Prefecture) for one hour to
accelerate hardening. The wells were then heated under
18 different combined conditions of temperature (150 °C,
175 °C, and 200 °C) and time (0.5, 3, 6, 9, 12, and 24
hours). Rat adrenal pheochromocytoma cell line (PC12)
was seeded in the wells, and the number of cells after
48 hours was counted and compared (Figure 2). Accord-
ing to the result of the student’s t-test, there was no sig-
nificant difference between the ratio of the number of
cells on the cell culture wells, which were heated at 200
°C for 6 hours or more, or at 175 °C for 24 hours, after
48 hours to the number of cells on said wells immediately
after seeding, and the ratio of the number of cells sepa-
rately cultured on commercial cell culture dishes after 48
hours to the number of cells on said dishes immediately
after seeding. This relationship is shown by the asterisks
in Figure 3. This indicates that cytocompatibility was add-
ed to the cell culture wells fabricated by microstereo-
lithography when the wells were heat treated at 200 °C
for 6 hours or more.

[0058] Experiments were performed to confirm thatthe
process of the present invention actually prevented elu-
tion of toxic substances from the cell culture wells fabri-
cated by microstereolithography. Cell culture wells fab-
ricated by microstereolithography and heat treated at 200
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°C for 6 hours and those that were not heat treated were
immersed in water for 40 hours. The absorption spectrum
of the water in which these cell culture wells were im-
mersed was measured using ultraviolet absorption spec-
troscopy. The result is shown in Figure 3. As shown in
Figure 5, for the water in which the cell culture wells fab-
ricated by unpost-baked microstereolithography were
immersed, peaks were found on the absorption spectra
at wavelengths of around 249 nm and around 200 nm
(Figure 5). These peaks were not found for the water in
which the heat-treated cell culture wells were immersed
(Figure 5). This indicates that elution of toxic substances
from said three-dimensional structures into water was
prevented by the heat-treatment of the present invention.
[0059] For the purpose of verifying the effectiveness
of the present invention for other photocurable resins,
we studied the effects of the present invention on
SCR11120 (glass transition temperature 43 °C; D-Mec)
and SCR701 (81 °C; D-Mec), in addition to SCR751.
These three types of resins were hardened using mer-
cury xenon lamps and then heat treated at 200 °C for 6
hours. Cell culture tests were performed on these photo-
curable resins, and the effect of the present invention
was confirmed.

[0060] Asdescribedindetail above, the presentinven-
tion provides a general process to add cytocompatibility
to microstereolithographic objects, and its efficacy was
verified. It was also demonstrated that the microstereo-
lithographic objects fabricated according to the present
invention had almost the same cytocompatibility compa-
rable with commercial cell culture dishes. It was clarified
by ultraviolet absorption spectroscopy that the internal
composition of the microstereolithographic object was
changed in the post-curing process of the present inven-
tion, which explains why the cytotoxicity of the micros-
tereolithographic object was reduced.

[0061] The present invention has been explained by
citing working examples, butthese embodiments are only
a few examples and should not be construed as limiting.

Industrial Applicability

[0062] The presentinvention can be applied to the de-
sign of tailor-made implant devices, and fabrication of
cell devices set in three-dimensional alignment and
microchemical devices including biochemical IC chips,
which have not been achievable with conventional micro-
stereolithography. The present invention would provide
key technology to substantialize a new approach to
microstereolithography in the biomedical field.

Claims

Claims

1. Minute three-dimensional structures fabricated by
microstereolithography, wherein said structures are
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detoxified and cytocompatible at least to the extent
that cells isolated and cultured outside living organ-
isms can be cultured on the surfaces of and in contact
with said structures; and said detoxification is
achieved by heating said structures to at least their
glass transition temperature after UV-curing.

Minute three-dimensional structures claimed in
Claim 1 wherein said structures are mainly formed
from photo-curing materials selected from the group
of acrylate, epoxy, acrylate-epoxy complex, and ox-
etane.

Minute three-dimensional structures claimed in
Claim 1 or 2 wherein said glass transition tempera-
ture is about 175 °C to 200 °C, and heating time is
6 to 24 hours.

Minute three-dimensional structures as claimed in
Claim 1 wherein one of the dimensions x, y, and z
of at least one portion of said structure is less than
1 mm, and deformation of a structure due to its own
weight when heated above the glass transition tem-
perature is reduced due to the size effect.
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4
Experimental parameters of postcure processes
Post-Cure
Post-IExposure Post-Bake
Resin type  Fabrication method Temperature(°C) _Time(hour)  Uliraviolet Spectrometry
1 SCR751  stereolithography R.T. O
2  SCR751 stereolithography @) R.T.
3 SCR751  stereolithography O 150 0.5
4  SCR751 stereolithography O 150 3
5 SCR751  stereolithography O 150 6
6 SCR751  stercolithography O 150 9
7 SCR751  stercolithography O 150 12
8 SCR751 _ stercolithography o 150 24
9 SCR751  stereolithography O 175 0.5
10 SCR751  stereolithography @] 175 3
11 SCR751  stereolithography O 175 6
12 SCR751 stereolithography O 175 9
13 SCR751  stereolithography O 175 12
14 SCR751 stereolithography ©) 175 24
15 SCR751  stereolithography O 200 0.5
16 SCR751 stereolithography @] 200 3
17 SCR751 stereolithography O 200 6 (@)
18 SCR751 stereolithography O 200 9
19 SCR751 stercolithography 0] 200 12
20 SCR751 stereolithography 0 200 24
21 SCR751 Xelamp & casting R.T.
22 SCR751 Xelamp & casting 200 6
23 SCR701 Xelamp & casting R.T.
24 SCR701  Xelamp & casting 200 6
25 SCR11120 Xelamp & casting R.T.
26 SCR11120 Xe lamp & casting 200 6
Parand
5O
1.5
* ~=No Post Cure Vol. = 135.9
0 [
> 1 - =~ * No Post Cure Vol, = 271.8
3 y e Dost Cure Vol, = 135.9
[
§ **~ Post Cure Vol. =271.8
< ===~ Blank
3
0
200 250 300 350

wavelength (nm)

Ultraviolet absorption spectrum

11



EP 2 351 825 A1

12



EP 2 351 825 A1

INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP2009/068734

A. CLASSIFICATION OF SUBJECT MATTER
C12M3/00(2006.01) 1,
(2006.01)1

B29C67/00(2006.01) 1,

B29C71/00(2006.01)1i, €08J7/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

C12M3/00, B29C67/00, B29C71/00,

Cc08J7/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

1922-1996
1971-2010

Jitsuyo Shinan Koho
Kokai Jitsuyo Shinan Koho

Jitsuyo Shinan Toroku Koho
Toroku Jitsuyo Shinan Koho

1996-2010
1994-2010

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

JSTPlus/JMEDPlus/JST7580 (JDreamITI)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y/A LEE SJ et al,
J. Micromech. Microeng.,
147 to 153, particularly,
column, lines 4 to 5,
lines 14 to 18

JP 2003-10312 A
14 January 2003
claims; paragraphs
[0052]

& US 6660208 B2

Y/A

[0008],

'Development of a scaffold

fabrication system using an axiomatic approach’,
2007,
page 147,
page 150,

(3D Systems,
(14.01.2003),
(00107,

& EP 1245369 A2

1-3/4
vol.1l7, pages

right
left column,

Inc.), 1-3/4

[00517],

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E”  earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0”  document referring to an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than
the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

08 January, 2010 (08.01.10)

Date of mailing of the international search report
19 January, 2010 (19.01.10)

Name and mailing address of the ISA/
Japanese Patent Office

Facsimile No.

Authorized officer

Telephone No.

Form PCT/ISA/210 (second sheet) (April 2007)

13




EP 2 351 825 A1

INTERNATIONAL SEARCH REPORT International application No.

PCT/JP2009/068734

C (Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

P, X

Koji IKUTA et al., 'Micro Hikari Zokeiho eno
Saibo Tekigosei Fuyo Process no Kaihatsu',
Nippon Computer Geka Gakkaishi, 30 December
2008 (30.12.2008), wvo0l.10, no.4, pages 507 to
512

Koji IKUTA, 'Micro Hikari Zokeiho no Shinten to
Biomedical Oyo', The Japan Society of Mechanical
Engineers Kanto Shibu Dai 8 Ki Sokai Koenkai
Koen Ronbunshu, 2002, pages 47 to 48

1-4

Form PCT/ISA/210 (continuation of second sheet) (April 2007)

14




EP 2 351 825 A1

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

WO 2845502007 A [0008]

Non-patent literature cited in the description

lkuta K ; Hirowatari K. Real three-dimensional mi-
crofabrication using stereo lithography and metal
molding. Proceedings of the IEEE Workshop on Mi-
croelectromechanical Systems. MEMS, 1993, vol.
93, 42-47 [0006]

Bertsch A ; Jiguet S; Bernhard P ; Renaud P.
Microstereolithography: a Review. Mat. Res. Soc.
Symp. Proc., 2003, 001.1.1-LL1.1.13 [0006]
Maruo S ; Ikuta K ; Korogi H. Submicron manipu-
lation tools driven by light in a liquid. App! Phys Lett,
2003, vol. 82, 133-135 [0006]

Kawata S ; Sun HB ; Tanaka T ; Takada K. Finer
features for functional microdevices. Nature, 2001,
vol. 412, 697-698 [0006]

Maruo S ; Ikuta K. Submicron stereolithography for
the production of freely movable mechanism by using
single-photon polymerization. Sensor Actuat A-phys,
2002, vol. 100, 70-76 [0006]

Lu ; Chen SC. Micro and nano-fabrication of biode-
gradable polymers for drug delivery. Adv Drug Deliv
Rev., 2004, vol. 11, 1621-33 [0006]

Tsang VL ; Bhatia SN. Three-dimensional tissue
fabrication. Adv Drug Deliv Rev., 2004, vol. 11,
1635-47 [0006]

Popov VK ; EvseevAV ;lvanov AL ; RoginskiVV ;
Volozhin Al ; Howdle SM. Laser stereolithography
and supercritical fluid processing for custom-de-
signed implant fabrication. J Mater Sci Mater Med.,
2004, vol. 2, 123-8 [0006]

15

Lee JW; Lan PX; Kim B; Lim G; Cho DW. 3D
scaffold fabrication with PPF/DEF using macro-ster-
eolithography. Microelectron Eng, 2004, vol. 84,
1702-1705 [0006]

Matsuda T ; Mizutani M. Liquid acrylate-endcapped
biodegradable poly(e-caprolacton-co-trimethyrene
carbonate). Il. Computer-aided stereolithographic
microarchitectual surface photoconstructs. J Biomed
Mater Res., 2002, vol. 3, 395-403 [0006]

Lee KW ; Wang S ; Fox BC ; Ritman EL ; Yaszem-
ski MJ ; Lu L. Poly(propylene fumarate) bone tissue
engineering scaffold fabrication using stereolithogra-
phy: effects of resin formulations and laser parame-
ters. Biomacromolecules, 2007, vol. 4, 1077-84
[0006]

Cooke MN ; FisherJP ;DeanD ; Rimnac C ; Mikos
AG. Use of stereolithography to manufacture criti-
cal-sized 3D biodegradable scaffolds for bone in-
growth. J Biomed Mater Res B Appl Biomater., 2003,
vol. 2, 65-9 [0006]

Arcaute K ; Mann BK ; Wicker RB. Stereolithogra-
phy of Three-Dimensional Bioactive Poly(Ethylene
Glycol) Constructs with Encapsulated Cells. Ann Bi-
omed Eng, 2006, vol. 34, 1429-1441 [0006]

Lee SJ; Kang HW; Kang TY ; Kim B; Lim G;
Rhie JW ; Cho DW. Development of scaffold fabri-
cation system using an axiomatic approach. J Micro-
mech Microeng, 2007, vol. 17, 147-153 [0006]
Jones CE ; Underwood CK ; Coulson EJ ; Taylor
PJ. Copper induced oxidation of serotonin: analysis
of products and toxicity. J Neurochem, 2007, vol. 102,
1035-1043 [0006]



	bibliography
	description
	claims
	drawings
	search report

